DsbA is the major oxidase responsible for generation of disulfide bonds in proteins of E. coli envelope. In the present work we provided the first detailed characterization of disulfide exchange between DsbA and its natural substrate, HtrA protease. We demonstrated that HtrA oxidation relies on DsbA, both in vivo and in vitro. We followed the disulfide exchange between these proteins spectrofluorimetrically and found that DsbA oxidizes HtrA with a 1 : 1 stoichiometry. The calculated second-order apparent rate constant (k app ) of this reaction was 3.3 × 10 4 ± 0.6 × 10 4 M -1 s -1 . This value was significantly higher than the values obtained for nonfunctional disulfide exchanges between DsbA and DsbC or DsbD and it was comparable to the k app values calculated for in vitro oxidation of certain non-natural DsbA substrates of eukaryotic origin.
INTRODUCTION
Disulfide bonds are widely found in many exported proteins and contribute to the folding and stability of these proteins. In eukaryotic cells, oxidative folding of disulfide proteins takes place in the endoplasmic reticulum, whereas in prokaryotes this process occurs in the periplasmic space. In the bacterium Escherichia coli the disulfides are generated by the DsbA-DsbB system. DsbA is the primary catalyst of disulfide bond formation and is responsible for oxidation of newly translocated polypeptides. DsbA is a member of thioredoxin family and functions by transferring a disulfide bond from its active site to the substrate protein, undergoing reduction in the process. DsbA is active in the oxidized form; therefore the electrons from reduced DsbA are passed to the second component of the system, the inner membrane protein DsbB, which transfers them to the respiratory chain component, a quinone. Oxidation of substrate proteins by DsbA occurs rapidly and nonspecifically and may result in the formation of incorrect disulfide bonds which will need subsequent isomerization, the function catalyzed by another oxidoreductase system, DsbC-DsbD. The components of the two systems do not interact at physiological conditions and work independently (reviewed in Fabianek et al., 2000; Nakamoto & Bardwell, 2004) .
Disulfides typically function to stabilize the tertiary structure of a protein and are often crucial for the protein to achieve the native, active conformation. Proteins deprived of their proper disulfide bonds frequently lack their enzymatic activity, are unstable or tend to aggregate (Missiakas & Raina, 1997; Spiess et al., 1999) . For example, alkaline phosphatase is a periplasmic protein that contains two disulfide bonds necessary for correct folding. One of these bonds is required for the protein stability; the second is indispensable for the enzymatic activity (Sone et al., 1997) . Another protein whose stability is affected by the lack of its disulfide bond is HtrA protein form E. coli. HtrA is a periplasmic serine protease attached to the inner membrane (Skórko-Glonek et al., 1997) . It functions predominantly in the removal of irreversibly damaged or abnormal proteins from cellular envelope and its cellular content is elevated in various stress conditions, including heat shock, oxidative stress and presence of reducing agents (Skórko-Glonek et al., 2003) . HtrA contains in its N-terminal region Abbreviations: IAA, iodoacetamide; ∆-Cys HtrA, HtrAC57SC69S.
Vol. 53 No. 3/2006, 585-589
on-line at: www.actabp.pl two cysteine residues (C57 and C69) which at physiological conditions are involved in disulfide bridge formation. In cells grown in the presence of reducing agents HtrA exists in the reduced form and undergoes autodegradation (Skórko-Glonek et al., 2003) . The autocleavage takes place after C69 or after Q82 of the mature protein and occurs only in a reducing environment (Skórko-Glonek et al., 1995; . The cleaved protein retains its activity, however, its certain biochemical properties are affected. In particular, the cleaved HtrA loses its quaternary structure (monomerizes) and shows lower affinity towards membrane phospholipids (Skórko-Glonek et al., 2003) . Thus, the disulfide bond in the N-terminal region of HtrA plays an important stabilizing role and oxidation of C57 and C69 residues seems to be an important step in HtrA folding. It is assumed that generation of disulfide bonds within most envelope proteins occurs in a DsbA-dependent reaction; however, no direct evidence of disulfide exchange between HtrA and DsbA has been provided so far. In this work we prove that HtrA is indeed a substrate for DsbA. Although the interactions between E. coli Dsb proteins have been studied extensively, little data is available describing the kinetics of disulfide exchange between Dsb proteins and their natural substrates in the process of postranslocational folding. In our study we present a detailed characterization of the HtrA-DsbA interaction, including measurements of the apparent rate constant of HtrA oxidation.
MATERIALS AND METHODS
Strains and growth conditions. E. coli strains and plasmids used are listed in Table 1 . Strains KB5,8-9 were constructed by bacteriophage P1 transduction of appropriate mutations from BL20 or JCB817, or JCB819 to the wild type MG1655 E. coli strain. The strains were grown at 30 o C in M 63 medium supplemented with 0.1% amino acids (except for cysteine and methionine) and appropriate antibiotic. Growth of bacteria was monitored by measuring the increase in OD 595 .
Determination of redox states. The in vivo redox state of HtrA was assayed by trapping the free thiols by iodoacetamide (IAA) according to a method adapted from Jacob et al. (1999) and Kishigami et al. (1995) . Portions of 0.7 ml of each culture were withdrawn and mixed with 0.2 ml of 0.45 M IAA in 100 mM Tris, 10 mM EDTA, pH = 9.2. The samples were incubated at 37 o C for 2 min and the reaction was stopped with trichloroacetic acid (TCA) (10% final concentration). Prior to the addition of TCA lysozyme was added to a final concentration of 0.2 mg/ml to improve the efficiency of precipitation.
All samples were incubated overnight at -20 o C, and then were centrifuged for 30 min at 4 o C and 20 000 × g. The pellets were resuspended in a nonreducing Laemmli lysis buffer supplemented with 20 mM IAA.
Protein purification. The HtrA S210A protein was purified from K38(pGP1-2)(pJS14) overproducing strain basically as described previously (Skórko-Glonek et al., 1995) . The only modifications were the lack of dithiothreitol in the buffer for opening the cells and of β-mercaptoethanol in all buffers.
DsbA protein was a generous gift from Professor R. Glockshuber (Institut für Molekularbiologie und Biophysik, ETH Hoenggerberg, Switzerland).
Purity of the proteins was checked on SDS/ PAGE and was at least 95%.
Electrophoresis of proteins and Western blotting. Proteins were analyzed by SDS/PAGE as described by Laemmli (1970) . Western blotting was performed as previously described (Oberfelder, 1993) .
Determination of protein concentration. HtrA concentration was estimated by staining with Amido Black and spectrophotometric measurement as described before (Lipińska et al., 1990) . DsbA concentration was determined using its absorption coefficient at 280 nm according to Gill and von Hippel (1989) with ε 280 = 23 250 M -1 cm -1 .
Fluorescence spectroscopy. The experiments of titration of reduced HtrA with oxidized DsbA were performed according to Grauschopf et al. (2003) , at 25 o C in 1 ml quartz cuvettes (Hellma) with stirring. Reduced HtrAS210A (1 μM) in a volume of 1 ml was titrated stepwise with 5 μl aliquots of a solution of oxidized DsbA (40 μM). The excitation wavelength was 280 nm. Band widths were 1 nm for excitation beam and 2 nm for the emission beam. The fluorescence at 330 nm was recorded after 10 min of incubation and corrected for the volume increase.
The kinetics of the oxidation of HtrA (1 μM) by DsbA (1 μM) in 20 mM Hepes, pH = 7.0, 0.5 mM EDTA were monitored at 25 o C in 200 μl quartz cuvettes (light path 3 mm, Hellma), by the change in fluorescence at 330 nm. Data were evaluated according to second order kinetics.
RESULTS AND DISCUSSION
The redox state of HtrA in dsbA or dsbB mutant strains HtrA has in its N-terminal part two cysteines and in bacteria grown in physiological conditions HtrA is present mainly in the oxidized form. How-HtrA oxidation ever, in cultures grown in the presence of reducing agents HtrA exists predominantly in the reduced form and its synthesis is elevated (Skórko-Glonek et al., 2003) . The most probable enzyme responsible for oxidation of the cysteines within HtrA is DsbA and we expected that in the dsbA mutant strain HtrA would be present in the reduced state. To prove this assumption we checked the redox state of HtrA expressed in dsbA and also dsbB background by comparing the electrophoretic mobility of HtrA in cell extracts derived from dsbA or dsbB mutant strains. As controls we used purified preparation of oxidized HtrAS210A (a proteolytically inactive mutant) and cell extract containing the cysteineless HtrAS210AC57SC69S (∆-CysHtrAS210A), representing reduced HtrA. We decided to use the proteolytically inactive HtrA mutants because reduced wild type HtrA undergoes autodegradation which makes the HtrA protein pattern more complicated (Skórko-Glonek et al., 2003) . As shown in Fig. 1 , lane 1, ∆-CysHtrAS210A had a decreased electrophoretic mobility when compared to the oxidized HtrA control (lane 2). HtrA expressed in the dsbA or dsbB mutant strain migrated at the same position as ∆-CysHtrA-S210A, indicating that it was present in the reduced state (lanes 3, 4) . The similar effects on the redox state of HtrA observed for both mutant strains are not surprising. In the absence of DsbB, DsbA protein should remain in a reduced state and should not be active as an oxidase. Thus, it could be concluded that DsbA is responsible for the in vivo oxidation of HtrA. The existence of physical interactions between DsbA and HtrA, and of a possible disulfide exchange, was further supported by our observation that certain amount of DsbA copurified with HtrAS210A during Ni-affinity chromatography (not shown). Furthermore, DsbA was not present in ∆-CysHtrAS210A preparations, indicating that formation of the HtrA-DsbA mixed disulfides could be responsible for the observed interactions (not shown).
In vitro analysis of HtrA oxidation by DsbA
To more directly demonstrate that HtrA is oxidized by DsbA we performed in vitro experiments using purified HtrA and DsbA proteins. We titrated reduced HtrA with increasing quantities of oxidized DsbA and monitored the redox reaction spectrofluorimetrically. This method is based on the spectral properties of both proteins: DsbA exhibits a 3-fold increase in tryptophan fluorescence upon reduction (Wunderlich & Glockshuber, 1993) , whereas HtrA basically remains fluorescently silent upon oxidation. Since HtrA has no tryptophan residues, its intrinsic fluorescence is very low, therefore changes in the signal due to HtrA in the conditions of the experiment were assumed as negligible. The titration profile (Fig. 2 , graph "a") was characterized by a sharp kink at a DsbA/HtrA ratio of 1 : 1. The linear slopes before and after the kink correspond to the specific fluorescence of reduced and oxidized DsbA, respectively. The kink became more visible when the fluorescence signal values obtained for increasing concentrations of oxidized DsbA (graph "c") were subtracted from titration values. As could be seen in Fig. 2 , graph "b", no further increase of fluorescence occurred at DsbA/HtrA ratios greater than 1 : 1, which means that DsbA oxidizes HtrA with a 1 : 1 stoichiometry. The presence of the sharp kink indicates that DsbA is significantly more oxidizing than HtrA; in the case of proteins whose redox potential values are similar the titration curve has a different profile (Graushopf et al., 2003) . 
Kinetic analysis of DsbA-HtrA disulfide exchange
We measured the rate constant of the disulfide exchange reaction between DsbA and HtrA by following the changes in tryptophan fluorescence. As shown in Fig. 3 , the reaction was quite rapid. The calculated second-order apparent rate constant (k app ) was 3.3 × 10 4 ± 0.6 × 10 4 M -1 s -1 . Since no data concerning the kinetics of redox exchange of DsbA and its natural substrates in the posttranslocational folding is available we compared the obtained k app value with the k app values calculated for in vitro disulfide exchange reactions between DsbA and other Dsb proteins, and between DsbA and non-natural substrates of eukaryotic origin. The reaction between DsbA and DsbB is a functional reaction occurring at physiological conditions, whereas the reactions between DsbA and DsbC or DsbD (members of an independent oxidoreductase system) are regarded as nonfunctional. The oxidation of DsbA by DsbB is an extremely rapid process with a k app value above 10 6 M -1 s -1 . The nonfunctional disulfide exchange reactions are 10 6 -10 4 fold slower than the functional electron transfer (for example: k app = 0.3 M -1 s -1 for DsbA/C-terminal domain of DsbD; 4 M -1 s -1 for DsbA/DsbC). The value obtained for the DsbA/HtrA disulfide exchange is significantly higher than those of the nonfunctional reactions and is comparable to the k app calculated for the disulfide exchange between DsbA and bovine pancreatic trypsin inhibitor (10 5 M -1 s -1 ) (Zapun & Creighton, 1994) or mammalian metallothionein (4.4 × 10 5 M -1 s -1 ) (Hu et al., 1999) . Although it is lower than the k app of the reaction between DsbA and DsbB, we must bear in mind that in the living cell DsbA oxidizes the newly translocated polypeptide lacking its tertiary and quaternary structure and such reaction may occur much faster. It has been shown that DsbA binds unfolded polypeptides preferentially and, for example, DsbA reacts 10-25 times faster with unfolded reduced hirudin than with one treated with dithiothreitol only (Wunderlich et al., 1993) . This could be relevant to the mechanism of de novo oxidative folding of proteins in the E. coli envelope. To our knowledge this is the first detailed study of the stoichiometry and kinetics of the oxidation process performed by DsbA on a natural periplasmic substrate, implicated in the folding of proteins in the periplasmic space in E. coli.
CONCLUSIONS
In the present work we provided the first direct evidence that HtrA protein is a substrate for 
HtrA oxidation
DsbA oxidoreductase. This statement is based on the following findings: 1. In cells deprived of a functional DsbA/DsbB system HtrA existed in the reduced state.
2. HtrA was oxidized by DsbA in vitro in a 1:1 stoichiometry. The apparent rate constant of this reaction was comparable to the known k app values calculated for DsbA/substrate disulfide exchange.
